Orexin-expressing neurons (orexin neurons) are localized in the lateral hypothalamus (LH), and the orexin system is involved in a broad spectrum of neurometabolic physiology where it plays a central role in the integration of sleep/wake states and feeding behaviors (1, 2) . Disorganization and deficiencies in the orexin system are believed to cause sleep disorders, e.g., narcolepsy, and metabolic diseases (3, 4) . For the development of drugs and regenerative strategies to address for brain injuries, the generation of neural cells from pluripotent stem cells, including embryonic stem cells (ESCs), is an essential tool (5, 6) . Induced neural cells from pluripotent cells, e.g., GABAergic Glucosamine (GlcN) enters the HBP by passing glutamine/fructose-6-phosphate amidotransferase, which is the first and limiting enzyme (12) (13) (14) .
These metabolites are integrated into numerous cellular functions as regulators of gene expression.
Acetyl-CoA is a donor of protein acetylation. NAD+ is a critical regulator of Sirtuins (15) . Sirt1, a member of the sirtuin family, functions as histone deacetylase (HDAC) and is recognized as a nutrient sensor because a fasting condition or reduced calorie intake up-regulates its expression and activity (16) .
UDP-GlcNAc is a donor of
O-GlcNAcylation of cytoplasmic as well as nuclear proteins, including transcription factors, epigenetic factors such as polycomb group (PcG), and core histones (17) (18) (19) (20) . O-GlcNAc transferase (Ogt) catalyzes the addition of O-GlcNAc to Ser or Thr residues of target proteins, and O-GlcNAcase (Oga) removes O-GlcNAc (11, 21) . Ogt is known to interact with other nuclear proteins such as PcG through TRP domain (21) . The Oga gene is (30, 31) . In combination with the DNA methylation status of T-DMRs, histone modifications create the multilayered epigenetic control of long-term gene activity (27, 28, (32) (33) (34) .
The epigenetic system regulates the metabolism as shown by our previous finding, i.e., there are numerous T-DMRs at loci of nuclear-encoded mitochondrial proteins (31) .
In the present study, by using a neural cell culture protocol, we found that addition of ManNAc promotes the expression of the Hcrt gene, and demonstrated how the epigenetic regulation of the expression of the Hcrt gene by Sirt1, Ogt, and Mgea5. Thus, we successfully generated functional orexin neurons from mouse ESCs (mESCs). 
EXPERIMENTAL PROCEDURES

Mono
Neural differentiation from mESCs-
Neural differentiation by using the SDIA and SDIA+BMP4 methods was carried out as described in previous reports (36). We cultured mESCs (1.7 × DNA methylation analysis using the bisulfite method-Genomic DNA was extracted from cells and tissues as described previously (30) .
Bisulfite conversion was performed using the EZ 
Chromatin immunoprecipitation assay-
The ChIP assay was performed with 1 × 10 6 cells per assay using the ChIP-IT Express Enzymatic Kit (Fig. 1C ).
In addition, Dynorphin-A, which is known to be expressed with orexin neuron (37), was co-localized with orexin-A signals (Fig. 1C) . Furthermore, we examine the expression profiles of eight orexin neural markers by RT-PCR on the basis of recent reports (38) . All of the marker genes were detected in ManNAc-treated cells (Fig. 1E ).
At the early differentiation stage (days 0-4 and 0-7), ManNAc supplementation was less effective on the induction of orexin neurons than at the late stage (days 4-10 and 7-10) (Fig. 1F ).
Considering that neural progenitor cells (NPCs) first appear around day 4 under the culture conditions employed (36), we conclude that ManNAc acts at the later stage of neural differentiation, i.e., after the neuronal fate commitment of progenitor cells.
Indeed, ManNAc supplementation could induce
Hcrt expression in neurospheres (Nsph) derived from fetal mouse telencephalons (embryonic day 14.5) (Fig. 1G ).
Orexin neurons respond physiologically to leptin, and ghrelin (39, 40) . Secretion of Orexin-A in the presence of high levels of KCl suggested the involvement of leaky K+ channels in glucose sensing of induced orexin neurons (41) (Fig. 1H ).
Physiological stimulants such as ghrelin and TRH dose-dependently stimulated Orexin-A secretion ( (Fig. 2C ). In accordance with the acetylation status, histone acetyltransferases (HAT) p300 and CBP, which are responsible for pan-H3Ac and -H4Ac, are increased at the T-DMRs.
Furthermore, Mgea5, which has putative histone acetyltransferase activity responsible for H3K14Ac
and H4K8Ac, accumulated at the T-DMR (Fig. 2C) .
In repressive factors, Sin3A, and Ezh2
were decreased at the regions in ManNAc-treated cells by ChIP analysis (Fig. 2C) Sirt1 from the nucleus to the cytoplasm (Fig. 2D) . In contrast, p300, CBP and Mgea5 were increased in nucleus of ManNAc-treated cells. Concomitantly, levels of histone acetylation were also increased (Fig.   2E ). Immunofluorescence assay, focusing on orexin neuron, confirmed that Mgea5 was mainly located in nuclear, while Sirt1 was in cytoplasm (Fig. 2F ).
These data suggested that with regard to the epigenetic control of the Hcrt gene, p300, CBP, and Mgea5 contributed in the active state, while Sirt1, Sin3A, and Ezh2 contributed in the inactive state.
Generation of orexin neurons by using a
Sirt1 inhibitor-The involvement of Sirt1 in orexin neural differentiation was investigated using
Sirt1-knockout (Sirt1-/-) mESCs. RT-PCR revealed
Hcrt expression in differentiated Sirt1-/-mESCs when using the SDIA+BMP4 method, even in the absence of ManNAc (Fig. 3A) . Orexin-A-and orexin-B-positive cells were observed among differentiated Sirt1-/-mESCs (Fig. 3B ). Acetylation levels of H3K9, K14, K27, K56, H4K8, and H4K16
at regions 1 and 2 were higher in differentiated Sirt1-/-cells compared to wild type cells (Fig. 3C) .
Furthermore, treatment with EX-527, a Sirt1 inhibitor, resulted in Hcrt expression in differentiated wild type cells (Fig. 3A) and an increase in histone acetylation of the same residues of neural differentiated Sirt1-/-cells (Fig. 3C) .
Therefore, inhibition of Sirt1 at the Hcrt locus, which was induced by ManNAc supplementation, is a key event in the differentiation of orexin neurons.
Another mechanism of the effect of and both mutants did not show any activity (Fig. 5E ).
Based on these results, we conclude that a dual 
